This paper combines observations, climatic analysis, and numerical modeling to investigate the Tibetan Plateau's (TP) surface heating conditions' influence on extreme persistent precipitation events (PEPEs) in southeastern China. Observations indicated an increase of TP surface air temperature 3-4 days prior to extreme persistent precipitation events in southeastern China. NCEP reanalysis data revealed a significant low pressure anomaly in southern China and a high pressure anomaly in northern China during extreme persistent precipitation event periods. Using correlation analysis and random resampling nonparametric statistics, a typical PEPE event from 17 to 25 June 2010 was selected for numerical simulation. The Weather Research and Forecasting (WRF) Model was used to investigate the impact of the TP's surface heating on the evolution of this event. Three contrasting WRF experiments were conducted with different surface heating strengths by changing initial soil moisture over the TP. Different soil conditions generate different intensities of surface sensible heat fluxes and boundary layer structures over the TP resulting in two main effects on downstream convective rainfall: modulating large-scale atmospheric circulations and modifying the water vapor transport at southern China. Increased surface heating in the TP strengthens a high pressure system over the Yangtze Plain, thereby blocking the northward movement of precipitation. It also enhances the water vapor transport from the South China Sea to southern China. The combined effects substantially increase precipitation over most of the southeastern China region.
Introduction
The Tibetan Plateau (TP), the highest plateau on Earth, plays an important role in global and regional climate, especially enhancing the East Asian summer monsoon that brought abundant precipitation to China, Korea, and Japan (Zhisheng et al. 2001; Liu and Yin 2002; Jiang et al. 2008) . The TP acts as the primary heating source before the rainy season (Yanai et al. 1992; Ye and Wu 1998) and greatly influences the onset of East Asian summer monsoon and the precipitation intensity over China (Wu and Zhang 1998) . Without the TP, the monsoon would be much weaker and the precipitation over East Asia would be decreased (Jiang et al. 2008) . The TP causes two main influences. One is the topographic effect, whereby the TP acts as a huge obstacle that hinders the wind flow. The second is its thermal effect, whereby the TP acts as a huge heat source (Duan and Wu 2005) . While the topographic effect is claimed to be the major mechanism (Boos and Kuang 2010) , its thermal mechanism is also believed to play an important role (Duan and Wu 2005; Wu et al. 2012b) . A decrease of TP surface wind speed has been observed since 1970 and likely contributes to the reduction in surface sensible heat flux Wu 2008, 2009; Liu et al. 2012) , which is correlated with the weakening of Asian summer monsoon and the decrease in summer precipitation over northern South Asia and northern China but an increase in precipitation over northwestern China, southern China, and Korea (Liu et al. 2012; Duan et al. 2013 ). In addition, TP surface wind speed reduction is linked to the increasing frequency of droughts in northern China along with the increased flooding of the Yangtze Plain (Yu et al. 2004) .
Many factors may have contributed to the weakening of the Asian summer monsoon such as changes in sea surface temperature, global warming, increased pollution, and the thermal contrast of land-sea temperature Duan et al. 2011; Wu et al. 1997 Wu et al. , 2012a Zuo et al. 2013; Xu et al. 2015) . Nevertheless, modeling results showed that TP's surface heating did impact the Asian summer monsoon circulations and the location of the rain belt over China Liu et al. 2012; Wang et al. 2014) . Weaker surface heating resulted in a weaker near-surface cyclonic circulation surrounding the plateau. The convergence of water vapor transport is confined in southern China forming a unique anomaly pattern in summer monsoon precipitation, the so-called south wet and north dry (Liu et al. 2012) .
Persistent extreme precipitation events (PEPEs), like other extreme weather events, have been occurring with increasing frequency over the past several decades (Easterling et al. 2000; Kunkel et al. 2003 Kunkel et al. , 2012 , and southern China is no exception (Kunkel et al. 2003 (Kunkel et al. , 2012 Wang and Zhou 2005; Chen and Zhai 2013) . Adequate safety measures can be taken if such events could be predicted. Most PEPEs in China occur during the summer. The East Asian summer monsoon and hurricane season can contribute to high rainfall in China. The TP's impact on those short-term PEPEs is unknown and may differ from the role it plays seasonally.
Development of persistent precipitation often needs persistent synoptic systems, such as stationary fronts, to build. Many studies focused on the role of sea surface temperature and intraseasonal oscillation in persistent precipitation in China (Jones 2000; Liu et al. 2008; Mao et al. 2010; Lee et al. 2013; Pan et al. 2013; Ren et al. 2013) . The sea surface temperature pattern over the western Pacific Ocean is highly influenced by the location of subtropical high pressure systems, which significantly impact the abundance and location of precipitation in China (Ding and Chan 2005; Li et al. 2001) . Another important factor is the role of land surface processes, which provides surface heat fluxes to drive the evolution of the planetary boundary layer (PBL) and summer convective precipitation (Mintz 1982; Pan et al. 1996; Chen and Dudhia 2001; Stéfanon et al. 2014) . Land surface heat fluxes can affect the trigger mechanism of summer rainfall and distribution of water vapor, and different initial soil conditions could lead to different weather conditions (Fennessy and Shukla 1999; Trier et al. 2004 Trier et al. , 2011 Lawrence and Slingo 2005) . This paper focuses on the TP's land surface process and investigates its relationship to PEPEs in southeastern China. Historical observation data are used to explore whether the TP surface possesses any anomaly signals during the PEPE period. Then, a case study is conducted with WRF to assess physical mechanism behind the relationship, if any. Section 2 introduces the datasets and the identification of PEPE. Section 3 gives some historical analysis for the PEPEs we chose and the process of choosing a specific case. Section 4 describes the numerical models and model experiments used in this paper. Section 5 discusses modeling results and section 6 provides a summary and discussion.
Datasets and identification of PEPE
The data used for this study include historical observations of daily 2-m air temperature and daily precipitation from 756 stations throughout China. A total of 113 of these stations are over the TP (Fig. 1) . The data were obtained from the China Meteorological Data Service Center (2008) . Long-term daily and monthly mean of the 2.58 National Centers for Environmental Prediction-National Center of Atmospheric Research (NCEP-NCAR) reanalysis data (Kalnay et al. 1996) were used for historical analyses to reveal general features of the PEPEs in southeastern China. The 3-hourly 0.258 real-time Tropical Rainfall Measuring Mission Multisatellite (TRMM 3B42 RT) Precipitation Analysis data (Huffman and Bolvin 2017) were also used. Initial and lateral boundary conditions for WRF were taken from the 6-hourly 18 NCEP Final Operational Global Analysis (FNL) data (NOAA/NWS/NCEP 2000). The 3-hourly 0.258 global land data assimilation system data products (Rodell et al. 2004) were used as land surface forcing data to drive the High-Resolution Land Data Assimilation System (HRLDAS; Chen et al. 2007) .
While there are many definitions of PEPEs, here we used the definitions and results given by Chen and Zhai (2013) . First, they defined a ''station PEPE'' as an observation station that experiences a precipitation event of amounts exceeding 50 mm for at least three consecutive days and ends when daily precipitation amounts to less than 50 mm for the following two consecutive days. This rule will allow the precipitation event to cease for, at most, one day before continuing. A ''regional PEPE'' is identified as a region containing at least three rain gauge stations that experienced station PEPE, and those precipitation events must have at least one day of temporal overlap. The neighboring stations experiencing station PEPE in the region must be less than 200 km from each other. Using these roles, Chen and Zhai (2013) identified 74 regional PEPEs from 1954 to 2010 using the same station observation data as the dataset used for this paper.
In this study, we focused on PEPEs that happened south of 308N and east of 1088E, which is mainly the southeastern portion of China. The approximate latitude of the Yangtze River is 308N and the approximate longitude of the boundary point between China and the Indo-China Peninsula on the coast is 1088E. Cases that occurred west of 1088E were inland; the synoptic system and water vapor supply may differ from other cases occurring alongside the coast. For all the summer PEPEs we only focused on chose cases occurring near the coast, but many cases were associated with tropical cyclones. For this study, all cases that happened during a typhoon period in the South China Sea or in the East China Sea were removed. After removing those PEPEs influenced by tropical cyclones, there were 10 PEPEs between June and August from 1990 to 2010. Details for those 10 PEPEs, such as starting date and impacted area, are listed in Table 1 . Stations in southern China that experienced PEPEs are shown as magenta points in Fig. 1 . All these cases occurred from mid-June to early July when the Yangtze Plain is influenced by the mei-yu (Ding 1992) .
Historical analyses and cases chosen
Even though there are 113 surface observation stations over TP, the quality of data differs greatly among stations, and many stations have missing data. We chose 87 stations (black dots in Fig. 1 To analyze the TP surface air temperature features and associated anomalies during the PEPEs period, we synchronized the 10 cases by setting their starting times as the onset time. For each case, we calculated the 87 stations' average 2-m air temperatures over TP and their long-term daily mean temperatures during the same period of the year. The same method was applied to the 126 stations in southeastern China inside the red rectangle in Fig. 1 to derive the area-averaged precipitation. Results are shown in Fig. 2 . The second maximum and minimum temperature and precipitation of the 10 cases were also plotted to show the spread of the 10 cases. The 2-m air temperature over the TP shows a clear warm anomaly prior to the PEPE's onset and throughout the duration of the PEPEs. According to the observation dataset from the China Meteorological Data Service Center, the daily precipitation was measured from 2000 LST the day before to 2000 LST of the measured day. The daily 2-m air temperature is obtained by averaging observations from four time periods (0200, 0800, 1400, and 2000 LST), so the precipitation data are 4 h ahead of the 2-m air temperature. Figure 2 shows that the PEPE started about 3-4 days after the TP surface temperature warm anomaly reached 18-28C, and peaked on the same day with the maximum TP surface temperature anomaly.
The composite means of NCEP 850-and 500-hPa geopotential height for the 10 PEPEs' period were shown in Figs. 3a and 3b, revealing a typical mei-yu circulation pattern. The west Pacific subtropical high extended from southern Japan to southeast China with a dominant southwesterly flow in southern China in the lower troposphere. In midlatitude, a blocking high lies at around 1058E, transporting cold air to the southeast and meeting the warm and wet air from the southwesterly flow from south at the Yangtze Plain and causing the persistent precipitation there (Ding 1992; Ding and Chan 2005) . With some triggers such as shear lines or vortex in the lower layer, precipitation will occur in the Yangtze Plain. However, as shown in Figs. 3e and 3f, different from a typical mei-yu case, there is an enhanced west Pacific subtropical high featured with increasing lower-level monsoon jet flow at the 850-hPa level. At the 500-hPa level, there is a significant Bootstrap (Mooney and Duval 1993; Wilks 2006, 166-170) , a random resample nonparametric statistical test, was employed here to assess whether the anomaly is significant. We randomly chose 1000 consecutive 5 days from June to August 1991-2010 as the sample pool, then randomly selected 10 periods from the 1000 samples and calculated their composite mean. Then we repeated this resample process 1000 times to obtain an ensemble. If the10-case anomaly was not significant, the 10 PEPEs' composite mean should obey the same distribution of the resample outputs. After deriving the anomaly geopotential height for the 1000 resample outputs, we get the 90% confidence interval for the mean anomaly. We set the significance test level at a 5 0:1. Grids with the 10 PEPEs' composite mean geopotential height anomaly outside the 90% confidence interval were regarded as having a significant difference to the long-term mean. Points that passed the significance test were marked with a crisscross (3) in Figs. 3e and 3f. A significant low anomaly can be found in southern China and a high anomaly can be found in northern China at 850 hPa. This pattern is more obvious and significant at 500 hPa. The stations under the low pressure anomaly experienced PEPE during the 10 cases in southeastern China. A low pressure anomaly generates convergence and the uplift of air mass and convection most likely initiates in a low pressure center. On the other hand, the high pressure anomaly in northern China blocks the northward movement of the low pressure system. The longer the low pressure system is sustained, the more persistent is the precipitation event.
To select a typical case for a detailed numerical modeling study, we calculated the spatial correlation coefficient between the 850-hPa geopotential height of the 10 cases and the 10 cases' composite mean for a domain within 108-508N, 1008-1408W (red rectangle in Fig. 3a) . Results are listed in Table 2 . Half of those cases' correlation coefficients were greater than 0.9. A bootstrapping test was employed to assess whether this correlation is significant. We randomly selected 1000 consecutive 5 days from June to August 1991-2010 as resamples and calculated the correlation coefficients of those cases. Histogram results are shown in Fig. 4a , and most of the random cases' correlation coefficients were greater than 0.8. The probability value (p value) for each case was obtained by dividing the number of sample with its greater correlation coefficients than the selected one by 1000. Even though several PEPE cases passed the significant test with p value less than 0.1, the climatic pattern needs to be removed to ensure a more convincing result. We set the 30-yr longterm summer-mean geopotential height as the climatic pattern. For all the 10 cases' composite mean, each PEPE case, and each random case, we subtract the 30-yr longterm summer mean before calculating the correlation coefficient. New results are shown in Fig. 4b and outputs are listed in Table 2 . The correlation coefficients of the 1000 random cases decrease rapidly; however, most of the This selected case has a high correlation coefficient (0.90) and low p value ( p , 0.05). It also has the longest episode and maximum precipitation among the 10 cases. Five stations (red triangles in Fig. 1 ) experienced station PEPE during this precipitation event with the maximum precipitation of 754.40 mm. Daily precipitation during this period from station observation is shown in Fig. 5a .
The geopotential height field of this case and its anomaly to long-term composite mean in 850 and 500 hPa are shown in Figs. 4c-f. The geopotential height field of this case was similar to the composite mean. A high pressure center can be found around 308-408N, 1108-1308E at 850 hPa that corresponds to the ridge in the composite mean field. The trough and ridge at 500 hPa were almost at the same position as those in the 10 cases' composite mean. Anomaly analyses indicate a significant high pressure anomaly in northern China at both 850 and 500 hPa. By comparing Figs. 4e, 4f, and 5a, we found that the maximum rainfall is nearly at the center of the low pressure anomaly at 850 hPa.
Numerical model experiments
The selected PEPE starts at 2000 China standard time (UTC 1 8 h) 16 June 2010. According to Fig. 2 , the TP surface air temperature is anomalously high about 3-4 days before the PEPE onsets, so the model simulations started at 0000 UTC 13 June, 3.5 days prior to the onset of the PEPE, allowing 3.5 days for the model to spin up.
Our simulations used the WRF-ARW version 3.6 (hereinafter WRF) with a single 280 3 180 horizontal domain (Fig. 1) centered at 308N, 1208E , with 30-km horizontal grid spacing and 51 vertical levels. The WRF physics schemes used here includes the RRTM for GCMs (RRTMG) longwave and shortwave radiation scheme (Iacono et al. 2008) , the Noah-MP land surface scheme (Niu and Yang 2004; Niu et al. 2011; Yang et al. 2011; Barlage et al. 2015) , the YSU boundary layer scheme (Hong et al. 2006) , the WRF single-moment (WSM) 6-class graupel microphysical scheme (Hong and Lim 2006) , and the Grell-Freitas ensemble cumulus scheme (Grell and Freitas 2014) . FNL data were used to generate the lateral boundary and initial conditions for WRF. The sea surface temperature from FNL was updated every 6 h. Land state variables such as soil temperature and soil moisture play an important role in land surface processes. Since this paper focuses on the impact of land surface processes on precipitant events, accurate initial soil condition are required to capture the evolution of surface sensible and latent heat fluxes. We employed HRLDAS (Chen et al. 2007) , an offline land data assimilation system for generating WRF land system consistent soil conditions, along with the Noah-MP land surface model in this study. Atmosphere forcing data such as downward shortwave and longwave radiation, surface pressure, wind speed, temperature, humidity, and precipitation were taken from the 3-hourly 0.258 global land data assimilation system land surface dataset. Normally, it took about 17 months to obtain equilibrium soil condition by HRLDAS (Chen et al. 2007 ). However, due to complex terrain of the Tibetan Plateau and surround areas as well as the more complex Noah-MP land model, it took about 5 years for HRLDAS to spin up in our study (Gao et al. 2015; Zhang et al. 2016) The soil moisture, soil temperature, snow water equivalent, and canopy water from the spunup output of HRLDAS were used as the initial WRF soil condition input.
To investigate the impact of the Tibetan Plateau's surface heating on the evolution of the extreme-precipitation episode discussed above, three WRF experiments were designed with contrasting soil moisture conditions. It is not desirable to break surface energy balance by arbitrarily setting surface heating conditions, so WRF experiments were designed by changing initial soil moisture conditions that would subsequently affect the surface heating but still maintain a consistent surface energy budget throughout model simulations. The land surface energy budget contains seven main components as seen in Eq. (1) 
(1)
The sensible heat flux directly provides heating to the PBL; the stronger the sensible heat flux, the warmer the PBL. The latent heat flux, however, provides sources of water vapor to the PBL. In this WRF sensitivity study, our primary objective was to control the partition of incoming energy into latent heat fluxes and sensible heat fluxes, so the surface heating in the TP can be maximized or minimized. In Noah-MP, each type of soil texture has a wilting point and a saturation point. The wilting point means the critical point that soil ceases evaporation, and the saturation point means when the soil moisture reaches its maximum (Noilhan and Planton 1989) . The values of these soil parameters are specified in a table (http://www.ral.ucar.edu/research/land/technology/noahmp/ HRLDAS-v3.6/SOILPARM.TBL) in WRF as a function of soil texture. The latent heat fluxes are reduced to the minimum by setting the initial soil moisture in all four layers to the wilting point that corresponds to a specific soil texture for a given WRF grid point, and similarly increased to its maximum by using saturated soil moisture. As a result, three WRF numerical experiments were conducted with contrasting scenarios of soil moisture variations over the TP: 1) a control case (hereafter CNTL), using the well spunup soil moisture fields obtained from HRLDAS as initial conditions; 2) a dry case (hereafter DRY), setting the initial four-layer WRF soil moisture to the wilting point so that evaporation ceases; and 3) a wet case (hereafter WET), in which the initial four-layer WRF soil moisture was set to the saturation values according to each specified soil texture.
Results and discussion
We applied station observations and TRMM data to analyze the evolution and movement of extreme precipitation. Figures 5a and 5b show the station and TRMM daily precipitation averaged for this study period, which agree with each other well in the distribution and intensity of the precipitation. The TRMM even captured some scatter precipitation events very well. Figure 5c compares the time series of land-point daily precipitation from stations, TRMM and the control WRF simulation (CNTL) in the red rectangle. All three datasets were synchronized to China standard time and averaged to a daily interval. The CNTL simulation depicted the observed rainfall pattern well in the first week, but as the simulation progressed in time, errors accumulated and it did not compare well with observations after 21 June. However, it captured the main area of heavy rain very well. While station daily precipitation measurements are scattered, TRMM's higher temporal and spatial resolution provides better information about the evolution of PEPEs. Moreover TRMM agrees well with station observations in total precipitation (Figs. 5a and 5b ). Therefore, the gridded TRMM dataset is used here for analyzing the movement of the precipitation system. Figure 5d shows the propagation of the precipitation system based on the TRMM data. Different colors represent different time periods. All lines are contours at the value of 20 mm day 21 . We applied cowbell spatial filtering described by Barnes et al. (1996) to process data due to the scattering nature of summer convective precipitation. This PEPE started from 208-308N, 1058-1208W and continued at 258-308N, 1108-1208W for about 10 days, during 15-25 June. The rain concentrated at 258-308N, 1128-1208W during 20-23 June, the same area also having the most intense rainfall during the entire raining period. After 25 June, the rain dissipated in southern China and moved northeast. At the same time, another precipitation occurred in the South China Sea. Even though the PEPE (precipitation exceeded 50 mm day 21 ) onset occurred on 17 June according to station observations, our further analysis was conducted from 15 June when the heavy rain spread in this region.
As shown in Fig. 6 , setting the soil moisture to its wilting point at TP in DRY reduced significantly latent heat fluxes (Fig. 6a) . However, the net radiation of DRY and WET cases was nearly the same as CNTL (Fig. 6c) where energy was transferred to the atmosphere by sensible heat flux, resulting in much higher sensible heat fluxes (Fig. 6b) . Higher sensible heat fluxes, in turn, promote stronger turbulence and produce stronger thermals, and deeper and more vigorous vertical mixing in the planetary boundary layer (Fig. 6d) . Many studies showed that soil moisture has a long memory (Koster and Suarez 2001; Wu and Dickinson 2004) . Even spring's soil moisture can impact summer's land surface process (Wang et al. 2014 ). In our simulation, the soil moisture did restore (Fig. 6e) faster in the upper layer than the deeper layer in both DRY and WET cases. But even at the end of our simulation, the WET simulation still has the highest soil moisture in all soil layers and the DRY case has the lowest soil moisture. Along with the decreasing difference of soil moisture among three simulations, the difference of sensible heat flux was also reduced. But the increase/decrease in sensible heat fluxes persisted to the end of our simulation even though only the initial soil moisture was changed. Higher sensible heat fluxes in DRY resulted in higher 2-m air temperature. The 2-m air temperature in the DRY case was about 18-28C higher than that in CNTL, a signal similar to the temperature warm anomaly over the TP prior to PEPEs. 850-hPa layer, southern China was dominated by a low pressure system for the whole 10 days (15-25 June). A high pressure belt splits the southern China low pressure and the deep trough existed in northeast China during the first 5 days. The high pressure belt developed into a high center during the last 5 days, and the high precipitation center coincides with its position in the NCEP reanalysis data (Fig. 4c) . A 500-hPa subtropical high was the dominant feature over the west Pacific Ocean. The ridge over Mongolia enhanced greatly during the last 5 days, agreeing with the development of the high pressure center at 850 hPa. In general, the WRF simulations did capture well the synoptic pattern of this case and the high pressure in the north of the rain belt, which is the main common feature of the 10 PEPEs. The WRF CNTL area-averaged precipitation (for domain in the red rectangle in Fig. 1 ) is shown in Fig. 5c . It agrees well with station observations and TRMM in the first week, but errors accumulated in the second week. Also, in order to determine the TP's impact on the Bay of Bengal, the modeling domain was designed to be much bigger than our focus area to minimize the impact of lateral boundary conditions, which may cause some drift in synoptic systems simulated in WRF. Even though it is expected that the area-averaged precipitation does not agree with the observation very well in the late stages of simulation, the time-averaged precipitation in CNTL well captured the location and intensity of the extreme precipitation over land in southern China (Fig. 8a) . The precipitation center in southern China was slightly placed more northward in the control simulation but the total precipitation area was close to TRMM. The location and intensity of precipitation in Japan agrees with the TRMM very well, and most precipitation happened in the southern part of Japan. However, the model overestimated the precipitation over oceans, especially in the South China Sea, the Bay of Bengal, and west of India. 
a. WRF control simulation

b. Precipitation pattern simulated in WRF sensitivity simulations
The temporally averaged precipitation from the three WRF sensitivity experiments is shown in Figs. 8a-c. The DRY simulation has the highest precipitation amount over southeastern China, while the WET simulation produces the lowest rainfall among the three simulations, which is consistent with the analysis of observations presented in section 2: a warmer TP surface usually resulted in PEPE in southern China. However, things were different over Japan. The DRY case has the lowest precipitation in Japan. The diurnal cycle of precipitation is shown in Fig. 8d . The DRY case is most notably different from CNTL in nighttime precipitation. Note that the precipitation is typically at its minimum at nighttime. The WET case has lower precipitation during daytime while it has similar precipitation to the CNTL during nighttime. This difference in the diurnal cycle of precipitation between DRY and WET in relation with water vapor transport is further discussed in section 5d.
Not only has the total precipitation amount changed, the intensity of the precipitation was also modified. Figure 9 shows the daily rainfall probability of different categories over the land in the red rectangle in Fig. 1  during 15-25 June. The threshold values of different precipitation categories (from light to extreme) are based on definitions from the China Meteorological Administration. The WET simulation is dominated with ''light'' to ''moderate'' precipitation categories (less than 25 mm day 21 ), while the DRY simulation features more ''violent,'' ''rainstorm,'' and ''extreme'' categories (with precipitation greater than 50 mm day
21
). The CNTL simulation seems to be in the middle of WET and DRY with more ''heavy'' precipitation (25-50 mm day
). It is clear that drier (wetter) the TP surface is, the more (less) extreme the precipitation would be.
Based on the above analysis, we further split the precipitation amount into three categories: less than 25 mm day 21 , 25-50 mm day 21 , and greater than 50 mm day 21 , which represent the dominating rainfall categories in WET, CNTL, and DRY simulations, respectively. We analyzed the areas of the different rainfall categories' by averaging the corresponding daily rainfall intensity, respectively (i.e., for light precipitation, we only chose days with less than 25-mm rainfall and calculate the temporal average). The results are shown in Fig. 10 . The areas corresponding to the three rainfall categories differ greatly in three simulations. Obviously precipitation events with greater than 50 mm day 21 contribute most to the total precipitation even though it has the lowest probability of occurrence. Clearly, the DRY simulation has the most ''extreme rainfall'' events and the WET simulation had the most ''light rain'' events. This corresponds to each case's precipitation intensity frequency. In the top row, for light rain (0-25 mm day 21 ), the WET case has the most precipitation and the highest frequency of light and moderate precipitation (Fig. 9) . The middle and bottom row have the same feature. The CNTL case has the most ''heavy rain'' and the bottom row has the most ''extreme rain,'' which is the same as the frequency feature in Fig. 9 . It seems that a wet TP surface facilitates the ''light rainfall,'' but a dry TP surface inhibits it.
c. Tibetan surface heating and PBL structures Different soil moisture leads to different surface heating, and strong surface heating will promote stronger turbulence and a deeper planetary boundary layer. As discussed above, the DRY simulation leads to a warmer and deeper boundary layer. To determine the surface heating's impact on atmosphere circulations, it is necessary to examine PBL features over the TP and its surrounding areas. As shown in Fig. 11 , the air in the PBL in DRY was warmer and the air atop the PBL is colder than that in CNTL, consistent with stronger vertical mixing in DRY relative to CNTL. A warmer and deeper PBL implies lower pressure at the bottom of the layer and higher pressure above the top of the layer. As such, air converged in the lower layer and diverged above the PBL. A high pressure and cold air mass was generated between 6000 and 8000 m above sea level. The eastward wind jet, even though reduced by the high pressure above the Tibetan Plateau, still controlled the average wind speed. Since pressure at a given level is determined by the whole air mass above that level, the surface pressure is determined by the total air mass above the surface. Because of its higher density, a layer FIG. 9 . Precipitation probability of different rain categories for 15-25 Jun in the red rectangle in Fig. 1 .
of cold air mass was heavier and produced a higher pressure under it, which was then transported downstream along with the cold air mass. As shown in Figs. 11b and 11c , the top of the high pressure air mass in Fig. 10c coincided with the top of the cold air mass in Fig. 11b . The warm air descended from the TP surface to the Sichuan basin, compensating for the preexisting cold air between 17 and 19 June, which created a new low pressure in the Sichuan basin during this period. In conclusion, the strong heating at the Tibetan surface can generate a high pressure system downstream.
d. High pressure anomaly downstream of the TP
When moving eastward, the aforementioned high pressure merged with the preexisting high pressure system over the Yangtze Plain. As shown in Fig. 12 , the preexisting high pressure was further enhanced in the DRY simulation, especially at the 700-hPa level that is lower in altitude than the TP surface. The difference at the 500-hPa level was almost the same as the difference at 700 hPa but a bit northerly. At 300 hPa, the high anomaly at the north of the rain belt was almost gone and located even more north than 500 hPa. There is no clear high pressure center around 358-458N, 1008-1308E, but there is a clear positive difference over the Tibetan Plateau. This is consistent with Fig. 11c because 300 hPa corresponds to about 9-km altitude in a standard atmosphere. In Fig. 11c , the main pressure anomaly downstream was under 8 km and above 9 km. Hence, 300 hPa was approximately the upper limit of the TP's surface heating impact altitude downstream. Over the Tibetan Plateau, the stronger surface sensible heating induces the strengthened thermal effects of the Tibetan Plateau, then generates the anticyclone anomaly in the upper troposphere, which induces an upper-level Rossby wave train, and propagates eastward along with the upper-level easterly jet flow. In the lower troposphere, the thermal effect of the TP induces a cyclonic anomaly that enhances the low-level monsoon jet flow along with the intensification of west Pacific subtropical high in southern China (Bao et al. 2010; Wang et al. 2008) . The 200-hPa geopotential height difference was similar but more significant to 300 hPa.
As discussed above, the PEPE concentrated in southern China mainly because the high pressure system blocked the northward movement of the low pressure system, and hence formed favorable circulations for heavy precipitation (a strong TP surface heating helps enhance the high pressure). Such a high pressure anomaly hinders the northward movement of the low pressure center in southern China, and keeps it sustained in southern China for a longer duration. To show the movement of the low pressure center, the contours of the 1410-m line at 850 hPa and the 5820-m line at 500 hPa for different time period are combined in one figure. The contour lines of 1410 m at 850 hPa approximately represent the boundary of the low pressure center in Figs. 7a and 7c. Figure 13 shows the movement of the 1410-m contour lines at 850 hPa and that of the 5820-m line at 500 hPa. Different colors mean different time periods as in Fig. 5d . In 850 hPa, the low pressure center was located at almost the same position in all the three WRF simulations during 15-17 June (the blue line in the left panel in Fig. 13 ). However, as time progresses, the low pressure system's position differs significantly. After 23 June, the low pressure system already reached Korea in the WET simulation and approached Korea in the CNTL simulation (the yellow line). The low pressure system WET was located farther north than that in CNTL after 23 June. However, in the DRY simulation, the low pressure system still remained in southern China, where the contour line was still located in the mainland and has not reached the sea. It is even more obvious after 25 June. The contour line already passed Korea in WET, and approached Korea in CNTL (the pale brown line). But in DRY, the contour line remained in the mainland of China. This again confirms that the high anomaly did effectively hinder the northward movement of the low pressure system. The 500-hPa contour lines show a similar pattern in the right panel of Fig. 13 . They started at the same position in 15 June (blue line). The contour lines of CNTL and WET cases were almost identical but significantly different from those in DRY. Inside of oscillating around 308N, they were moving southward (yellow and brown line), consistent with the contour lines in 850 hPa. This result is consistent with the study of Li et al. (2014) but with a subtle difference. They accomplished the outcome by reducing the TP surface albedo to1.0 to obtain a weaker surface heating, and showed that a weaker TP surface heating restrained the low pressure vortices over the eastern plateau and reduce the precipitation in southern China. While our results showed that a stronger TP surface heating enhances the high pressure anomaly in the north of the rain belt, blocks the northward movement of the low pressure in southern China, and increases the precipitation in southern China.
e. Water vapor transport
Ample water vapor supply is critical for persistent precipitation. The total water vapor transport is calculated by integrating each layer's water vapor multiplied by wind speed from the bottom to the top. The control case shows the water vapor has two main sources: the Bay of Bengal and the South China Sea (Fig. 14c) .
The enhanced TP surface heating in the DRY simulation not only enhanced the high pressure downstream, but also strengthened the low pressure in southern China (Figs. 12a and 12b ) and finally changed the water vapor transport. As shown in Figs. 14a and 14b , the DRY simulation had a stronger vapor transport in southern China. A northward anomaly over southern China and a southward anomaly over the East China Sea can be found in the water vapor transfer difference between the DRY and CNTL case (Fig. 14b) . These two anomalies result in a water vapor convergence anomaly in southern China in the DRY case (Fig. 14d) . This also explained the decreased precipitation over Japan in DRY. Water vapor convergence provides ample water vapor and benefits convection. The similarity between the pattern of the water vapor convergence anomaly and the precipitation pattern in the DRY case (Fig. 8b ) confirmed this. The water vapor transport difference can be traced back to the circulation changing. As can be seen in Figs. 14b and 14f , the pattern of 10-m surface wind difference was generally similar to the pattern of water vapor transport in both orientation and intensity except over TP where land surface processes differ greatly between cases. The southward anomaly over the East China Sea and the northward anomaly over southern China can also be found at 700 and 500 hPa (Figs. 12a  and 12b ). In conclusion, the enhanced high in the north of the precipitation belt prevented water vapor from moving to the north in the DRY simulation and the enhanced low pressure in southern China absorbed more water vapor from the South China Sea (Fig. 14b) . Therefore, in DRY, more water vapor was concentrated in southern China, favoring the enhancement of extreme precipitation. The water vapor transport difference may also contribute to differences in the simulated diurnal cycle of precipitation (Fig. 8d ) and the precipitation probability difference (Fig. 9) . The afternoon precipitation is usually associated with convection, but the nighttime precipitation is often caused by stratiform clouds. The convective precipitation was short lived with heavy rainfall and the stratus precipitation was long lived with modest rainfall intensity. With water vapor supply, the DRY case not only produced heavier daytime convection than DRY, but also produced more sustained nighttime precipitation. The WET case, however, is the lack of a water vapor supply. The convective precipitation was not as intensive as CNTL and DRY case. But it saved enough water vapor for nighttime precipitation. As a result, the WET case has lower precipitation during the daytime, 3502 similar precipitation to the CNTL during nighttime, and has the most ''light rainfall.''
Summary
By analyzing 10 persistent extreme precipitation events that occurred in the east part of southern China, we found that they have two common features. One is the TP surface has a warm anomaly prior to the onset of PEPEs, and the other is the existence of a significant high pressure anomaly north of the main rain belt. To understand the connection between these two features and to quantify the effects of the TP surface heating on PEPEs, three WRF sensitivity simulations were conducted with contrasting soil moisture conditions.
The WRF simulation with dry soil moisture produced the most intensive precipitation for that region, while the simulation with wet soil moisture has less precipitation. A weaker TP surface heating resulted in more light rainfall, accelerated the northward movement of the rain belt, and reduced the chance to develop PEPEs in the region of interest. Conversely, the DRY case, with greater heating over the TP surface, inhibited the light rain and promoted more extreme rainfall.
The TP's surface heating has two main effects on the development and evolution of PEPEs in southern China. The first one is connected to the generation of a cold air mass above the TP PBL due to updraft over the heated TP surface. This cold air mass is displaced toward the Yangtze Plain by the westerly flow, and thereby enhanced the high pressure underneath the cold air mass, which in turn blocks the movement of the low pressure system and strengthened low pressure, causing enhanced PEPEs in southern China.
The second one is associated with the enhancement of the water vapor transport from the South China Sea to the southern China. The strengthened low pressure in southern China absorbed more moisture from the South China Sea and the blocking high enhanced the accumulation of water vapor in the region. More moisture was then transported to southern China, which favored heavy precipitation generation.
The results of this study differ from the findings in a previous climate study because the time scales of interest are different. As documented in related climate studies, the TP heating works as a heat pump. A strong pump enhances the Asian summer monsoon and brings more water vapor northward. Our study suggests that the effects of TP surface heating for individual weather events may significantly differ from those for climatology. In climatology, the strong TP heating will push the rain belt to the north. However, if a high pressure occurs in the Yangtze Plain during the precipitation events, the strong TP surface heating also strengthens the high anomaly, enhances the precipitation south of the high pressure, and blocks the northward movement of the precipitation. It seems that this effect only works on mesoscale systems, and it may not play an important role during the entire summer monsoon season.
